We propose and experimentally demonstrate an on-chip switchable mode exchange utilizing a Mach-Zehnder interferometer assisted by a phase shifter. The switchable functionality, which is essential for an advanced and reconfigurable optical network, can be realized by controlling the induced phase difference. The measured extinction ratio is ∼24 dB over the C band for OFF-ON switchover.
Silicon photonics has attracted intensive attention in the past few years as an excellent platform for ultra-small photonic integrated circuits due to its low cost, high refractive index contrast, and compatibility with matured complementary metal-oxide-semiconductor technologies [1] . To satisfy the exponentially increasing data demand, various multiplexing techniques have been utilized to increase the capacity of optical communication links, such as wavelength-division multiplexing (WDM) [2] and polarization-division multiplexing [3] . Alternatively, silicon-based mode-division multiplexing (MDM) has attracted continuous attention recently since it provides an effective method for further increasing the spectral efficiency. To realize MDM for optical networks on-chip, many mode (de) multiplexers as well as other functional devices such as high-order mode filters have been reported [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Moreover, the key components widely used in single-mode optical networks such as power splitters and optical switching are also redesigned due to incompatibility with high-order modes [16, 17] . The data exchange swapping the data information between different channels is an indispensable function for optical networks. Extensive investigations on data exchange have been done on WDM systems [18] [19] [20] , and most of the reported schemes were based on discrete devices. Up to now, only a few schemes were proposed for systems utilizing other multiplexing technologies [21, 22] . The mode exchange was theoretically analyzed using tapered directional couplers in Ref. [21] . In Ref. [22] , a data exchange scheme using micro-ring resonators (MRRs) was proposed and experimentally demonstrated for MDM signals. However, the schemes were not flexible and switchable. Generally speaking, the switchable and flexible functionalities are essential for an advanced and reconfigurable optical network due to data routing between the processor and memory systems on a chip multiprocessor [23] [24] [25] [26] [27] [28] [29] . Therefore, a switchable mode exchange is highly desirable.
In this Letter, we propose and demonstrate a novel on-chip mode exchange based on the silicon-on insulator (SOI) platform by utilizing a Mach-Zehnder interferometer (MZI) structure, assisted by a phase shifter (PS). The proposed MZI is mode-dependent, and data exchange between different modes can be optionally switched between the "ON" and "OFF" states. By controlling the phase difference between the two arms of the MZI, the data information carried on two input modes can be exchanged or remain the same. A singlewavelength, non-return-to-zero on-off keying (NRZ-OOK) signal at 10 Gb/s carried on two different modes is successfully processed with open and clear-eye diagrams. Measured bit error rate (BER) results show a reasonable power penalty of less than 1 dB. The proposed device can further expand and promote advanced and flexible mode-multiplexing optical networks.
It is well known that symmetric Y -junctions are commonly used in various photonics integrated circuits and have advantages such as compact size and wavelength independence [30, 31] . Most symmetric Y -junctions operate with only the fundamental mode. Here, the Y -junction serves as a mode-independent 3 dB power splitter/combiner. Figure 1 Fig. 2 (a). The working mechanism of symmetric Y -junctions can be described as the even and odd supermode (S 0 and S 1 ) evolution from the stem to the output branches. The input TE 0 mode in the stem of the Y -junction will evolve first into S 0 mode and then two in-phase parts, both on TE 0 modes, are excited in the output branches with the increase of the waveguide gap. Similarly, the TE 1 mode in the stem first evolves into the S 1 mode, which is then split equally into two TE 0 modes with a π phase difference [32] . The Y -junction can be also understood as a two-port spot converter, which has been extensively applied in fiber communication [33] . The finite difference algorithm has been utilized to calculate the spatial profile and the bidirectional eigenmode expansion method has been used to numerically analyze the light propagation. Figure 2 (b) shows the simulated electric distributions along the propagation direction of the symmetric Y -junction. The inserts show the mode distributions at the main sections. Note that the divergence angle between the two branches cannot be too small in consideration of fabrication capability. Thus, the propagation in the Y -junction is nonadiabatic, and slight radiation losses and mode coupling will affect the total power of the output branches.
The output is determined by the interference at Y -junction 2, which depends on the phase shift induced by the PS. Figure 3 (a) demonstrates the operation principle of the mode exchange. At the "OFF" state, the two modes arriving at the input port are transferred to the output port without any change. At the "ON" state, a π phase shift is induced by the PS. Thus, the input TE 0 is first split into two parts with same phase, which are then combined with antiphase considering the induced phase shift and a TE 1 mode is formed. Similarly, the two parts from the input TE 1 mode have the same phase at Y -junction 2, and they are combined into TE 0 mode. Therefore, the data carried on one mode is switched to the other. The simulated electric field distributions of the proposed device are presented in Fig. 3(b) . The inserts show the mode distribution of each input and output port. We can see clearly that the two modes stay unchanged at the output port at the "OFF" state, while exchange can be achieved at the "ON" state.
The device is fabricated on an SOI platform with 220 nm top silicon. The waveguide structure is formed by the 248 nm deep ultraviolet lithography and inductively coupled plasma etching. Etching depth of the rib waveguide is 130 nm and the entire device is covered by SiO 2 cladding. The widths of branch and stem in the Y -junction are 0.5 and 1 μm, respectively. The gap between the branches is 1 μm to ensure decoupling by avoiding unwanted interference. The branch length is set as 10 μm to obtain a relatively large angle (∼5.1°) between the branches of the Y -junction, releasing the fabrication difficulty. Figure 4 shows the microscope views of the fabricated structure. Extra mode multiplexer (MUX) and demultiplexer (DEMUX) based on MRR are included to evaluate performance of the proposed device. The width of the single-mode waveguide is designed as 500 nm, while the multimode waveguide is set as 1.1 μm to realize TE 0 − TE 1 mode conversion based on the phase-matching condition. A 150 μm length adiabatic taper is utilized to connect the single-mode and multimode waveguides, both at ports 2 and 4. The coupling gap between the straight waveguide and MRR is 0.3 μm and the radius is 50 μm. In order to tune the resonant wavelength for alignment, an integrated TiN heater is fabricated on top of each MRR. The heater is also fabricated on the top of one arm of the MZI to induce the phase difference between upper and lower arms.
By subtracting the loss caused by the grating couplers, the normalized response of the fabricated device is obtained and illustrated in Figs. 5(a)-5(d) . The "1-3 (OFF)" in Fig. 5(a) refers to the transmission from port 1 to 3 at the "OFF" state. For the bar paths, we can see that the transmission shows low insertion loss (∼1.8 dB for the 1-3 path and ∼1 dB for the 2-4 path) which is induced by the whole device, consisting of the mode exchange and modes MUX and DEMUX at the "OFF" state, while the transmission decreases to ∼ − 26 dB over the C-band at the "ON" state. As a result, the extinction ratio (ER) is ∼24 dB for OFF-ON switchover for the bar paths. Similarly, the insertion loss is also very low for the cross paths (∼1 dB for the 1-4 path and ∼1.6 dB for the 2-3 path) at the "ON" state, while the transmission decreases to −28 dB at the "OFF" state. Thus, the ER is as high as 26 dB. For reference purpose, the device consisting of only mode MUX and DEMUX with the same parameters is fabricated and characterized on the same chip. The fabricated device (mode MUX + switch + mode DEMUX) exhibits ER of 24-27 dB over the C-band, which is less than the ER of the mode MUX (∼28 dB, measured from a reference MUX). As a result, the actual ER of the mode switch will not be limited by the mode MUX. Deducting the loss induced by the MUX and DEMUX, the insertion losses of the proposed device are very low (<1 dB) for both TE 0 and TE 1 inputs. The wavelength dependence of paths 2-4 shown in Fig. 5(d) is caused by the interference between the TE 0 and TE 1 modes in the MZI [11] .
The modulated signal at 10 Gb/s is used to further test the proposed device, and the experimental setup is shown in Fig. 6(a) . A CW laser is launched into the Mach-Zehnder modulator to obtain the NRZ-OOK signal (2 31 − 1 ps eudorandom binary sequences). The maximum coupling efficiency of the grating coupler can be achieved by adjusting the polarization controller. The erbium-doped optical fiber amplifier and attenuator are utilized to optimize the output power. The eye diagrams from ports 3 and 4 at the both "OFF" and "ON" states are measured in Fig. 6(b) . Clear and open-eye diagrams can be obtained for bar paths at the "OFF" state, while signals for cross paths can be barely detected. Similarly, clear and open-eye diagrams can be obtained for cross paths at the "ON" state, while signals for bar paths can be barely 
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Vol. 41, No. 14 / July 15 2016 / Optics Lettersdetected. These results indicate a good exchange performance by the proposed device. The different rising and falling times of the eye diagrams are caused by the limited bandwidth (∼10.6 GHz) of the MRR used for multiplexing and demultiplexing. Finally, the BER measurements are performed for the cases of bar paths at the "OFF" state, as well as cross paths at the "ON" state. The back-to-back case is also measured as a reference. The results are plotted in Fig. 7 , which shows that the power penalties are all less than 1 dB. It is noted that the device can be only characterized by one channel at a time due to the limited experimental facility. Fortunately, the fabricated device exhibits a very low crosstalk. Thus, the power penalty will not be increased obviously if we were to transmit signal on both modes at the same time.
In summary, we propose and experimentally demonstrate a novel data exchange scheme for a mode-multiplexed system. The exchange is switchable by controlling the phase shifter in a MZI structure. The ER is about 24 dB over the C-band for OFF-ON switchover. Open and clear-eye diagrams can be observed and the BER measurements indicate a good exchange performance, with power penalties less than 1 dB.
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